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AN ANALYTICAL AND EXPERIMENTAL EVALUATION OF A TWO-

STAGE ANNULAR AIR EJECTOR FOR HIGH-

ENERGY WIND TUNNELS

By John A. Sheldon and Henry R. Hunczak

SUMMARY

A survey analysis was made_ and cold-flow experimental tests were

run to show the feasibility of using an annular two-stage air ejector

in conjunction with a mechanical exhauster system to start and run a

typical high-energy (~1.5 megawatt) wind tunnel. The flow conditions

for the tunnel of concern are:

Stagnation enthalpyj Btu/ib , ................. 12#500

Stagnation pressure# arm ................... 5.05

Tunnel weight flow, ib/sec 0.i0

Tunnel test-section velocity, ft/sec ............ >20,000

The analysis was based on the properties of an inviscid real gas.

Results indicate that the first-stage mass-flow ratio should be at least

lO0, the second-stage mass-flow ratio approximately l; and that no

major gains in performance would be obtained at ejector stagnation pres-

sures greater than lO atmospheres.

To proof test an axial ejector with amass-flow ratio as high as

i00, a cold-flow ejector model was tested. The mlnimumpressure the

ejector could sustain at a given exhauster pressure was investigated

with and without simulated tunnel flow bled in upstream of the ejector.

The investigation was made with ejector stagnation pressures from 5.8

to 10.5 atmospheres and mixer lengths downstream of the second stage of

1.55 and 4.77 diameters. When tests were made with bleed flows_ the

first-stage mass-flow ratio varied between 87 and 200. The second-stage

mass-flow ratio varied between 0.5 and 2.2 for all tests.

Experimental tests indicate a pressure ratio across the ejector of

at least 25 could be obtained at an exhauster total pressure of at least

2.5 pounds per square inch absolute. Thus, the investigation has con-

firmed the ability of the ejector to operate between the maximum pres-

sure necessary for starting a typical high-energy tunnel and the minimum

pressure required to enable the exhausters to pump the combined tunnel

and ejector mass flow.
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INTRODUCTION

In order to simulate reentry stagnation heat transfer, a high-energy
source for heating the working fluid is required (refs. i and 2). Con-
sequently, in recent years a great deal of attention has been focused on
the electric arc as a possible high-energy source for aerodynamic and
thermodynamic experimentation. With an electric arc it appears possible
to produce stagnation enthalpies of the order of lO,O00 Btu per pound.
A complicating factor, however, is that, to simulate high-altitude re-
entry stagnation conditions accurately, gas velocities of the order of
20,000 feet per second are needed. In order to simulate these veloc-
ities a high tunnel pressure ratio is necessary so that the tunnel stag-
nation intrinsic energy maybe converted to test-section kinetic energy.
Becauseof the necessity of a high tunnel pressure ratio, it is apparent
that one of two conditions must be satisfied: (i) a high stagnation
pressure (of the order of 20 arm) and a moderate test-section pressure,
or (2) a moderate stagnation pressure (of the order of 5 atm) and a low
test-section pressure. However, high stagnation pressures create nozzle
heat-transfer and electric-arc discharge problems, and therefore the
second pressure condition is the one of interest in this investigation.
It is apparent then that a low discharge pressure is of interest for re-
entry simulation facilities of the electric-arc-tunnel type.

An effective meansof obtaining a low discharge pressure has been
one of the major problems facing the developers of arc-heated wind tun-
nels suitable for reentry heat-transfer simulation. Of the three pos-
sible ways of obtaining the proper exhaust conditions, only two are
practical - vacuumtanks and ejectors. Exhausters alone have been ruled
out since they are limited in the minimumpressure level attainable.
The vacuumtank has two major drawbacks: (i) short running time, which
is not desirable for certain types of experiment and (2) a heat ex-
changer, which is required to reduce the heat content of the working
fluid. This now leads to the possibility of using an exhauster system
preceded by an ejector system. Further, if mixing is good, the cooling
requirements of the exhauster system have been minimized.

The abovementionedcombination system (ejector plus exhausters) has
four advantages over the other two systems:

(i) It has no limit on its running time, an obvious advantage over
the vacuumtank.

(2) Its vacuumcapabilities, although limited, are better than those
for exhausters alone.

(3) Because of the high ejector mass-flow rate, the hot-arc tunnel
exhaust is diluted, and the heat-transfer effects on the downstreamcom-
ponents _re greatly reduced or eliminated entirely.

!
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(4) A reduction in the starting and running pressure ratios is ob-
tained as discussed in references 3 and 4.

Thus_ in general, an eJector-exhauster combination has two major

advantages: First, it acts as a prolonged vacuum source; second, by

diluting the arc tunnel exhaust flow the need for a heat exchanger is

eliminated.

The disadvantages of the ejector-exhauster combination are the ne-

cessity of a high-pressure (up to 150 lb/sq ino abs) and high-flow

(_30 lb/sec) air source and the extremely high cost of an exhauster sys-

tem, if one is not already available.

An ejector-exhauster combination system was studied both analyti-

cally and experimentally at the Lewis Research Center as to the feasi-

bility of obtaining the vacuum necessary to operate a proposed 1.5-

megawatt electric-arc tunnel. To investigate the performance of an

ejector using the high mass-flow ratios required, a 1/8-scale cold-flow

model was built and tested. The results are presented herein.
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SYMBOLS

area, sq in. or sq ft

acceleration of gravity

static enthalpy, Btu/lb

mechanical equivalent of heat, ft-lb/Btu

length

Nach number _

mass-flow rate_ lb/sec

molecular weight, lb/lb-mole

stagnation pressure, lb/sqino or lb/sq ft abs

average stagnation pressure, lb/sq ino or lb/sq ft abs

static pressure, lb/sq in. or lb/sq ft abs

second-stage mixer-tube length-to-diameter ratio
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Re

r 1

universal gas constant, (ft)(lb)/(ib-mole)(°R)

Reynolds number

First-stage_ ejector mass flow = mjl

Arc tunnel mass flow mb

Second-stase ejector mass flow m_2

r2 First-stage ejector mass flow +Arc tunnel mass flow mjl + m b

Second-stage mass flow + First-stage mass flow
rl+2 Arc tunnel mass flow = r2(rl + i) + r1

T temperature_ °R

u velocity, ft/sec

5 ejector throat distance, in.

p density, slugs/cu in. or ib/cu ft

Subscripts:

b bleed flow

e blank end (ejector tube inlet)

fs full-scale ejector

i ejector tube inlet

j ejector

jl first-stage ejector

j2 second-stage ejector

jl,2 both ejector stages

M mixed flow

P pilot ejector

R rake (exhauster)

Superscript:

* ejector throat area

!

tc



OPERATIONAL CONSIDERATIONS

Since the pressure ratio across the tunnel circuit is slightly

higher for starting than for steady-state operation_ the experiment and

theory were concerned with the starting operation. During the starting

operation the ejector-exhauster system must create static pressures low

enough to pull the shock configuration from the tunnel nozzle and test

section into the diffuser section. Consequently, the tunnel flow into

the ejector system willbe subsonic in the starting case and become su-

personic during steady-state operation. The purpose of the ejector is

then to pump the tunnel flow from a low static pressure behind the

starting normal shock to a high total pressure downstream so that the

exhausters can operate satisfactorily.

Theoretical and experimental studies of the performance and opera-

tion of ejectors can be found in references 5 to 6. However, these re-

sults are limited in their usefulness to ideal gases; and, since real-

gas effects were of importance, a new study was deemed necessary. Con-

sequently, an exploratory analytical study was made to determine the

feasibility of using ejectors in conjunction with conventional exhaust

facilities. Of particular interest was the maximum pressure to which

the ejector could pump the tunnel free-stream flow for a given tunnel

stagnation enthalpy, stagnation pressure, and mass flow. It was also

desired to determine the number of stages needed and where the practical

operation conditions would exist. In general_ the analysis was made to

show the trends and ranges of design parameters. Its purpose was not

intended to compare theory and experiment. An outline and discussion

of the analytical study are given in the appendix.

From the theoretical analysis the following design criteria were

established:

(i) Two ejector stages

(2) Ejector stagnation pressures of about l0 atmospheres

(3) First-stage mass-flow ratio rI of i00 or more

(A) Second-stage mass-flow ratio r 2 of about i

TEST APPARATUS AND PROCEDURE

Design of the experimental model was based on the arc tunnel flow

conditions selected from a detailed study made at the NASA Lewis Research

Center. These conditions are listedas follows:
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Stagnation enthalpy, H, Btu/ib ................. 12,500
Stagnation pressure, P, arm ................... 5.05
Tunnel mass flow, m, lb/sec ............... 0.i0
Tunnel test-section velocity,°u_ ft_sec ............ 21,125
Tunnel test-sectionMach number, M ................ 5.3
Tunnel test-section static pressure, p, atm .......... 0.0005
Static pressure behind test-section shock, Pe, lb/sq in. abs . 0.136

Description of Model

Because of the high temperatures encountered in the arc tunnel and
the desirability of not obstructing the airflow, annular injection was
picked over the more conventional center injection.

A detailed drawing of the 1/8-scale ejector configuration investi-
gated is shownin figure 1. The nozzle throat size and consequently
the exit- to inlet-area ratio of both stages could be changedby means
of the three setscrews. The ejector throat distances were determined
by using calibrated shims. Care was taken in retaining symmetry of the
annular ejector nozzle contour.

Reference 4 shows that the lO° entry angle facilitates the mixing
of ejector flow and mainstream flow, and therefore a i0 ° entry angle
was used in this investigation.

The two-stage ejector system was mountedvertically as shownin
figures 2 and 3. Airflow to simulate the tunnel flow was bled from the
room through the blank end of the ejector. The flow rate was measured
by meansof a rotameter. To ensure obtaining a diffuse low-velocity
flow that would fill up the entire flow area, a deflector plate was in-
serted over the bleed flow inlet.

The main ejector massflow was introduced into both ejector stag-
nation cavities by four 1/4-inch inlets. The flow was regulated by two
hand valves (one for each stage) shownin figure 3.

Variation of the downstreamexhaust pressure was obtained by throt-
tling the 12-inch gate valve shownin figure 2.

!

_C

Instrumentation

Pressure readings were taken at the following locations:

Blank end. - Three static-pressure taps were located at different

circumferential positions around the center bleed hole. Throughout all
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the runs the three pressures were almost identical, therefore indicating

axial symmetry at this location.

Ejector stagnation chamber. - One pressure reading for each stage

was taken from a precision pressure gage (see fig. 4). Accuracy of the

gage was within ±i/2 pound per square inch.

Ejector nozzle exit. - Four static-pressure taps for each stage

were located 90° apart circumferentially around the ejector nozzle exit.

Besides indicating the exit static pressure these static taps also gave

an indication of flow symmetry.

Ejector tube exit. - A pressure rake was located downstream of the

ejector at the end of the diffuser. The rake hassix total-pressure

probes and one static-pressure probe. The total-pressure probes are

located radially in such a position that each probe surveys an equal

cross-sectional area. Therefore_ an average of the readings would give

the bulk total pressure of the flow at this axial location.

The three pressures at the blank end and the eight pressures at

the ejector nozzle exit were read on an absolute oil manometer board.

The downstream pressure rake was connected to a mercury manometer board.

Accuracies read were within ±0.05 inch. A photograph of the manometer

board and related equipment is shown in figure 4.

Ejector mass-flow rates were calculated from the known stagnation-

pressure and throat areas. Rake total pressures were corrected in the

supersonic cases for the true stream total pressures using reference 7.

After corrections were made_ the readings of the five probes were aver-

aged to obtain _R" Local Mach numbers at the rake were obtained using
reference 7 and the measured static- to total-pressure ratio.

Procedure

The range of the test variables was as follows:

(i) Ejector stagnation pressure:

(2) Ejector throat dimension:

First stage:

5jl = 0.006 in.

5jl = 0.008 in.

85 to 155 pounds per square inch

'/ = ziA.5
jl

jl



Second stage (for all tests):

5j2 = 0.006 in. (_-_) = 9.65
jz

(3) Second-stage mixer-tube length:

Long mixer tube: R = 4.77

Short mixer tube: R = 1.55

(4) Bleed flow, 0 and 0.0016 pound per second

For a given ejector stagnation pressure, throat setting, and bleed

flow runs were made by varying the ejector exhaust pressure with the

downstream gate valve. Tests were then repeated for different ejector

stagnation pressures, two different first-stage throat distances_ and
two bleed flows.

Runs were started with the downstream gate valve wide open. Data

were then taken for various valve settings. As the valve was closed, a

point was reached where a sudden surge in the blank-end pressure was

observed. The valve position just preceding the surge point is defined

as the "minimum-run" point. Data beyond the minimum-run point are de-

fined as "flow-lost" points. This procedure was then reversed until

the blank-end pressure returned to its previous low value. This point

is defined as the "minimum-start" point.

I

H

RESULTS AND DISCUSSION

Results of typical test runs are shown in figure 5. It is apparent

from the discontinuous character of the curves that the shock formations

change discontinuously in the ejector tube and thus affect the ejector

blank-end pressure. Although it was impossible to observe the shock

pattern during the experiment_ the following explanation of the flow

process satisfies the experimental results.

An explanation of the flow process may be made with the help of

figure 6. As previously mentioned, the test is started with the gate

valve wide open. (In subsequent discussions this will be referred to

as the "open-run" point.) Throttling the gate valve causes the ejector

exhaust static pressure to increase and a region of transition from su-

personic to subsonic flow to proceed upstream. For simplicity this re-

gion will, from now on, be depicted as a normal shock. The shock pat-

tern moves past the rake (fig. 6) and causes the sudden decrease in

corrected total pressure PR observed in figure 5. (For lower

stagnation-pressure runs this reduction in pressure did not oceur_
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indicating that the shock was upstream of the pressure rake at all points

observed.) A further increase in the downstream pressure causes the

shock to proceed up through the supersonic diffuser. Because of the de-

crease in the shock Mach number, the total pressure increases as the

shock proceeds upstream. As the shock progresses farther upstream, the

second-stage ejector is affected. A sharp increase in the second-stage

ejector exit pressure was noted at this point during all the runs. With

further throttling, a point is finally reached where the normal shock

becomes an oblique shock at the ejector nozzle exit. At this point the

flow no longer mixes in the center of the ejector tube, but tends to

"cling" to the tube walls. Experimental evidence of this will be shown

later. As a result, a region of low-energy air develops in the center

of the tube, and the high pressure feeds back to the upstream blank end

(see C of fig. 6). This increase in the blank-end pressure is sudden

and discontinuous, and the point just preceding this increase (B of

figt 6) is the minimum-run point. In other words, the minimum-run point

is the maximum exhaust pressure that the ejectors can produce and yet

satisfactorily maintain the low blank-end pressure necessary for tunnel

starting. If the flow is throttled farther, the blank-end pressure will

continue to rise as shown in figure 5. These points are the flow-lost

points. At any arbitrary flow-lost point the procedure may be reversed

(i.e., the gate valve is opened), and the blank-end pressure will de-

crease. Eventually, as the gate valve is opened, the oblique shock at

the ejector nozzle exits will suddenly become a normal shock in the

main ejector tube. At this point the blank-end pressure has returned to

its previous low value and is the minimum-start point.

The minimum-start point is the first point at which the ejector

will produce the low blank-end pressure when started from a flow-lost

condition. Consequently the minimum-start point is of major interest,

since this point sets the maximum pressure at which the exhausters can

operate and still start the ejector. The minimum-run point is of sec-

ondary importance because it represents the maximum pressure at which

the exhauster can operate after the ejector has been started (i.e.,

after the ejector system has reached the low blank-end pressure). It

would be meaningless to speak of a minimum-run point if the exhausters

were unable to operate at a pressure (_R) low enough to achieve the

minimum-start point.

The close proximity of the minimum-start and minimum-run points is

apparent in figures 7(a) to (c). Slight differences in the pressures

can be mostly accredited to viscous effects on the shock motion. How-

ever, because of flow instabilities the pressure differences are within

the experimental error of this investigation_ and therefore the minimum-

run and minimum-start points may be assumed to be identical.

The summary curves of figure 7 show the effects of changing the

ejector stagnation pressure on Pe and _R at a constant ejector exit
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Mach number. As expected, an increase in both Pe and PR with Pjl,2

is indicated. A slight dip in the Pe curves is noted in a couple

cases. This irregularity is probably due to experimental error.

Comparison of figure 7(a) with 7(c), and figure 7(b) with 7(d),

shows the effects of an increase in the first-stage mass-flow rate at

constant stagnation pressure on ejector performance for the zero- and

0.0016-pound-per-second bleed-flow runs, respectively. Typical results

are sunm_rized in the following table: !

c_

5jl,

in.

Minimum run mjl ,

..... _ ib/sec

Pe, PR,

ib/sq in. abs ib/sq in. abs

Pjl,2 = 142 ib/sq in. abs; mb = 0; 52j = 0.006 in.

0.008 0.067

.006 .0_

3.1

2.6

0.28

.23

Pjl,2 = 142 ib/sq in. abs; mb = 0.0018 Ib/sec; 52j = 0.006 in.

0.008 0.087 2.95 0.28

.006 .066 2.50 .23

_o

An increase in Pe and _R is noted for the higher mass-flow cases.

Most of the experimental tests were run at the 5jl = 0.006 inch design

point.

A longer second-stage mixer tube was added when it was felt that

perhaps the flow was not mixing well enough after the second-stage

ejector. Results, shown in figures 7(d) and (f) and summarized in the

following table, tend to verify this in the bleed-flow case:

m

Mixer tube R PR, minimum run,

lb/sq in. abs

Pjl,2 = 142 lb/sq in. abs; mb = 0

Short 1.55 2.6

Long 4.77 2.6

Pjl,2 = i_2 ib/sq in, abs; mb = 0.0016 ib/sec

Short 1.55 2.5

Long 4.77 3.i
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Tests with and without bleed flow were made to compare the bleed-

flow effects on the ejector performance. The results show an increase

in Pe of 20 to 50 percent for mb = 0.0016 pound per second. Although

there was little change in PR for the short mixer tube, the long mixer

tube showed an increase in _R of approximately 20 percent for the
bleed-flow case.

Curves of local Mach number at the rake against distance from ejec-

tor tube center are plotted in figure 8. The Mach number gives an in-

dication of the velocity at a particular radius from the ejector tube

center. Examination of figures 8(a) and (b) indicates what appears to

be fully developed pipe flow for the open- and minlmum-run conditions.

However, the flow-lost profiles show a low velocity at the center with

higher velocities closer to the wall, thus verifying the previous dis-

cussion about the central low-energyregion. Figure 8(c) plots the Mach

profile for a high-stagnation-pressure run with the extended mixer tube

added. The open run has a Mach number of 2 at the tube center. For the

minimum run the shock system is upstream of the pressure rake, and the

Mach number is correspondingly subsonic. The Mach number at the center

of the tube is now about 0.4. Examination of the flow-lost profile for

this case shows a more uniform profile than previously observed. The

added mixing length has undoubtedly been a big factor in obtaining this

profile.

Because of the close proximity of the gate valve to the pressure

rake, and also because of the unsymmetric nature of the nearly closed

gate valve, it was felt that the flow could be separating upstream of

the pressure rake. During the tests several reruns were made using a

butterfly valve located much farther downstream. Favorable comparison

of the results indicates that the gate valve had little or no adverse

effects on the upstream instrumentation.

The bleed-flow test was made to simulate the tunnel starting flow

because an arc tunnel of the proper size was not immediately available

and also to simplify the experiment as much as possible. Since the

mass-flow ratio of the first ejector stage is so high (rI = 150)_ high-

temperature effects from the hot tunnel flow on most of the ejector tube

length are assumed to be small. A brief qualification of this assump-

tion follows.

The full-scale ejector, when used in conjunction with the electric-

arc tunnel previously mentioned, yill have a total temperature of 850 ° R

after complete first-stage mixing. This compares to the 520 ° R total

temperature of the pilot ejector. After second-stage mixing the total

temperature drops to 700 ° R compared, again, with the pilot ejector's

total temperature of 520 ° R.
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Whencomparing temperature effects on ejector performance, two im-
portant parameters to consider are the Reynolds and Machnumbers. The
Reynolds number is important since it gives an indication of viscous
pressure losses, while the Machnumbergives an indication of the normal
shock losses.

The Reynolds numberratio of the full-size ejector to the pilot
ejector is approximately given by the following:

Refs ITs {Tp _0"76

--T \Tfs/

where L is the characteristic length. Since Lfs = 8Lp for the ejec-

tor configuration,

- 8 ]

If Tp/Tfs is taken as 520/850, the Reynolds ratio is 5.5, indicating

a considerably higher relative Reynolds number for the full-scale ejec-

tor and a higher resulting pressure recovery. Past experience with su-

personic wind tunnels has justified this viewpoint.

It appears that the shock pressure losses in the hot-flow ejector

will be somewhat higher than the ejector model tested because the hot-

flow Mach number is higher. However_ this effect is not expected to

override the favorable scale effect_ and an overall increase in the per-

form_nce of the full-scale, hot-flow ejector is anticipated.

!

_O

SUMMARY OF RESULTS

Pressure measurements were made on a i/8-scaled pilot air ejector.

Room air was bled through the upstream end of the ejector to simulate an

arc tunnel starting flow. Tests were made by varying the exhaust pres-

sure by means of a throttled exhaust valve. Runs were repeated for dif-

ferent ejector stagnation pressures_ two different first-stage throat

distances_ zero bleed flow, and two different second-stage mixer-tube

lengths. Mach number profiles were made to help explain a possible flow

process that would satisfy the experimental observations.

In general the experimental results show the feasibility of using

a two-stage air ejector in conjunction with a mechanical exhauster system

to establish the pressure level required to start a high-energy super-

sonic wind tunnel. The specific final results may be summarized as

follows:
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io With the ejector design condition (ejector stagnation

pressure = i0 atm, ejector throat dimension = 0.006 in.) an upstream

static pressure of 0.09 pound per square inch absolute and an exhauster

pressure of 3 pounds per square inch absolute can be obtained. This is

within the limit necessary for arc tunnel starting with the existing

exhauster system.

2. Generally the experimental results show an increase in upstream

static pressure and exhauster pressure with ejector stagnation pressure.

3. The extended second-stage mixer tube increased the exhauster

pressure by 20 percent for the bleed-flow case, and mixer tubes of at

least this length-to-diameter ratio (4.77) probably should be used in

future designs.

4. A 33-percent increase in the first-stage throat dimension in-

creased the upstream static pressure by 32 percent and the exhauster

pressure by 18 percent for the bleed-flow case.

5. A 0.O016-pound-per-second bleed flow changed the exhauster pres-

sure slightly but increased the upstream static pressure by 20 to 50

percent. Even so_ the pressure measurements are still within the range

required for starting a typical reentry simulating facility.

Lewis Research Center

National Aeronautics and Space Administration

Cleveland, Ohio_ February 13, 1962
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APPENDIX- THEORETICALANALYSIS

An analysis to determine the general performance trends of a two-
stage ejector was conducted prior to the selection of the final arc tun-
nel design specifications. For this analysis the following preliminary
tunnel flow conditions were used:

Stagnation enthalpy, Btu/ib ................... 12,S00
Stagnation pressure, atm ..................... 7.6
Free-stream velocity, ft/sec .................. 21,240
Weight flow, ib/sec ..................... 0.16

!

(D

Assumptions

As is usually done for simplicity in exploratory surveys of this

type, chemical equilibrium and one-dimensional flow were assumed through-

out with the specification that the flow mixing process occurs either at

constant area or constant pressure. Furthermore, boundary-layer effects

were neglected.

Equations

Basic equations used in the analytical evaluation were as follows:

Continuity:

PiuiAi + pjujAj = PMUMAM

Momentum:

miu i
--+ +
g PiAi

mjuj + mMu M + PMAH
g pjAj =

Energy:

i i + h + 1 u2 1 u_
hj + gj  g--Y=hM+Tg-Y

State:

P R
_ m T

P m
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In addition, coflstant area mixing was used_ therefore,

Ai + Aj = AM

D_

!

Procedure

The extremely high stagnation enthalpy required the use of real-gas

charts (ref. 8). Graphical solutions for the free-stream flow, normal

shock, and flow mixing process in the first stage were used as there are

no explicit solutions to the energy, momentum, and continuity equations.

The tunnel stagnation conditions, weight flow per unit area and the

free-stream velocity, are all the quantities necessary to calculate the

tunnel flow conditions and those of the normal shock. It was then stip-

ulated that, for starting, the static pressure of the supersonic flow

from the first ejector stage be equal to that behind the free-stream

normal shock. Subsonic and supersonic solutions were obtained for the

mixed flow. For entrance conditions to the second stage the subsonic

solution of the mixed flow was used. As with the first stage, the static

pressure of the supersonic flow from the second stage was set equal to

that of the mixed flow entering it. When possible, calculations for the

second stage were made using an average value of the specific-heat ratio
and flow tables such as those of references 7 and 9.

The ejector variables studied are listed as follows:

First stage

Stagnation pressure, Pjl, arm

Stagnation temperature, Tjl , OR

Tunnel-to-ejector mass ra_io, rI

10, 203 and 50

550

l, 2, _ 75, i00, 150, and 200

Second stage

Stagnation pressure, Pj2, arm

Stagnation temperature, Tj2 , OR

Tunnel-to-ejector mass ratio, r2

= Pjl

550

1 and 100

First-stage ejector performance as a function of mass ratio is

plotted in figure 9. From a mass ratio rI of 2 to 75 no flow mixing

solutions existed. This lack of solutions corresponds to choking of the

combined flow by the high heat content of the tunnel flow. The choking

limits as a function of ejector total pressure were not well defined be-

cause of the limited accuracy in reading the Mollier charts. A substan-

tial improvement in the running pressure (supersonic mixed flow curves)

over the starting pressure (subsonic mixed flow curves) can be noted as
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the massratio is increased. Single-stage ejector performance as a
function of ejector stagnation pressure is shownin figure i0. The ma-
jor increase in performance at all mass-flow ratios was obtained at or
before a stagnation pressure of i0 atmospheres.

Using two stages with a mass ratio r I of lOO in stage one and
r 2 = i in stage two improved the downstreamstagnation pressure by ap-
proximately 15 percent over injecting all the flow in a single stage.
The overall mass ratio rl+ 2 was 201. Reversing the mass ratios, that
is, r I = I, r 2 = 100, gave no improvement over injecting all the flow in
a single stage. This is indicated by the datum point. An additional
benefit of using a high mass ratio in the first stage is that the rela-
tively cool ejector flow immediately blankets and dilutes the tunnel
flow to an average temperature of approximately 850° R_ which is well
within the temperature limits of structural materials, thus greatly re-
ducing the cooling requirements.

The analysis and flow capacity of existing pumping equipment indi-
cate the use of a two-stage ejector. _e mass ratio of the first stage
should be at least i00, that of the second stage approximately 1.0_ and
no major gains in performance maybe expected by increasing the ejector
stagnation pressure above 10 atmospheres.

As previously stated, all test-section conditions have been based
on equilibrium flow expansion. It is realized that this assumption is
not strictly valid and that the flow process actually freezes at some
point in the expansion process. Additional calculations were madebased
on the opposite extreme assumption that the expansion process is frozen
at stagnation conditions. Results have showna test-section static pres-
sure of about 1.9><10-S atmosphere and a test-section Machnumberof
about 17.2. Although these numbersare considerably different from
their equilibrium counterparts quoted on page 6 (P = 0.0005 arm,
M = 5.3), the static pressure behind the test-section normal shock in
the frozen flow is about 0.i0 pound per square inch absolute. This
pressure is reasonably close to 0.136 pound per square inch absolute for
the equilibrium condition. It is felt that in the real case the starting
pressure behind the tunnel shocks will lie somewhere between these

values, and therefore the analysis should be valid.

!
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